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We have investigated the influence of Fe-excess on the electrical transport and magnetism of
Fe1+yTe0.5Se0.5 (y=0.04 and 0.09) single crystals. Both compositions exhibit resistively determined
superconducting transitions (Tc) with an onset temperature of about 15 K. From the width of the
superconducting transition and the magnitude of the lower critical field Hc1, it is inferred that excess
of Fe suppresses superconductivity. The linear and non-linear responses of the ac-susceptibility
show that the superconducting state for these compositions is inhomogeneous. A possible origin of
this phase separation is a magnetic coupling between Fe-excess occupying interstitial sites in the
chalcogen planes and those in the Fe-square lattice. The temperature derivative of the resistivity
dρ/dT in the temperature range Tc < T < Ta with Ta being the temperature of a magnetic anomaly,
changes from positive to negative with increasing Fe. A log 1/T divergence of the resistivity above
Tc in the sample with higher amount of Fe suggests a disorder driven electronic localization.
PACS numbers: 74.70.Xa, 74.70.-b, 81.10-h
I. INTRODUCTION
The discovery of superconductivity in the LnFeAsO
(Ln = La, Ce, Pr, Sm) family of compounds with crit-
ical temperatures (Tc) up to 56 K
1–3 promoted an in-
tense search for novel Fe-based superconductors with
similar crystal structure. Within a few months, several
new superconducting phases were discovered. Among
them, tetragonal FeSe has the nominally simplest crys-
tal structure. It has no charge reservoir layer separat-
ing the Fe2Se2 layers and, hence, is considered as parent
compound to all the Fe-based pnictide and chalcogenide
superconductors.4 The superconducting transition tem-
perature (Tc) is found to be extremely sensitive to the
Fe:Se ratio, and the highest Tc ∼ 8.5 K at ambient
pressure is observed when the compound is closest to
the stoichiometric composition.5 Nevertheless, applica-
tion of pressure to FeSe raises Tc as high as ∼ 37 K.
6–8
By substituting Te for Se, Tc is enhanced to ∼ 15 K
for about 50% Te doping.9,10 The end member Fe1+yTe
is non-superconducting and exhibits an incommensurate
antiferromagnetic (AFM) order, coupled to a structural
distortion near 67 K.11 The incommensurability δ in
Fe1+yTe can be easily tuned by the value of y, and
the AFM order becomes commensurate for the samples
close to the stoichiometric composition (i.e., y ≃ 0).12
In mixed Fe1+yTe1−xSex, the magnetic order is found to
survive as short-range correlations for the samples with
0.25 ≤ x ≤ 0.49 even in the superconducting state.12–15
More recently, pressure-induced static magnetic order is
observed in superconducting FeSe.16 Density functional
theory (DFT) calculations17 on the stoichiometric end
members FeSe and FeTe indicate Fermi surface (FS)
structures very similar to those in Fe-pnictides, where a
spin-density-wave (SDW) ground state is obtained due to
FS nesting. In contrast to the DFT predictions, recent
neutron diffraction studies demonstrate a composition-
tunable (δpi, δpi) AFM order, which propagates along
the diagonal direction of the Fe-square lattice in the ab-
plane.11,12 This is unlike Fe-pnictides, where the propa-
gation vector of the SDW-type AFM order is along the
(pi, 0) edge of the Fe-square lattice.18 In fact, a SDW
gap was not observed in Fe1+yTe,
19,20 and FS nesting is
not considered as the origin of magnetic order. Alter-
natively, a fluctuating-local-moment scenario has been
invoked in order to explain the unusual magnetic prop-
erties of Fe1+yTe.
21–23
At this point, it is worthwhile to mention that the
phase diagram of the Fe chalcogenides is extremely com-
plex. In the case of FeSe, non-superconducting phases
such as Fe3Se4, Fe7Se8, and hexagonal FeSe form in
close proximity in the temperature-composition phase
diagram.24 Hence, the tetragonal superconducting phase
might contain these secondary phases in small quanti-
ties. Further, the synthesis procedure is prone to oxy-
gen contamination and thus producing unwanted phases
such as Fe2O3 and Fe3O4. All these phases are mag-
netic and detrimental to superconductivity. Another cru-
cial issue in the case of FeSe superconductors is the role
played by excess of Fe. It is exceedingly difficult to ob-
tain perfectly stoichiometric Fe chalcogenides, and ex-
cess of Fe appears to be always present in synthesized
compounds.4,5,9,10,12 The excess Fe ions randomly oc-
cupy interstitial sites (designated as Fe(2) sites) in the
chalcogenide layer.11,12,25 DFT calculations26 focusing
on Fe1+yTe indicate that the excess of Fe occurs in the
2+1 valence state with each Fe+ donating approximately
one carrier to the FeTe layer. Further, Fe+ is found to
be strongly magnetic with a local moment of 2.4 µB.
These moments can be expected to couple with the mag-
netism of the FeTe sublattice resulting in a more com-
plex magnetic order. It is predicted that, when FeTe is
doped with Se, magnetism of interstitial Fe persists and
results in a pair-breaking effect in the superconducting
state.26 Indeed, recent experimental results clearly show
suppression of superconductivity5,25,27 and localization
effects25,28 induced by excess Fe.
Here we present resistivity, magnetization, linear and
non-linear response of the ac-susceptibility of nominal
Fe1+yTe0.5Se0.5 single crystals for two different values of
y. The results clearly demonstrate that Fe-excess causes
a broadening of the superconducting transition, a phase
separation in the superconducting state, and a localiza-
tion of the charge-carrier in the normal state.
II. EXPERIMENTAL
The single crystals used for the present investigation
were grown using a horizontal Bridgman setup. Appro-
priate quantities of iron (purity 99.9 %), selenium (99.999
%) and tellurium (99.999 %) were mixed in a quartz am-
poule in powdered form, evacuated to 10−6 mbar, sealed
and kept in a secondary quartz ampoule which is also
evacuated and sealed. The ampoules were kept inside
the Bridgman setup and the precursors were melted to-
gether at 950 ◦C. Homogenization was done for 48 h by
rotation of the melt in alternating clockwise and anti-
clockwise direction. After homogenization the furnace
was translated at a rate of 9.2 mm/h so that a temper-
ature gradient of 60 ◦C/cm swept through the ampoule.
Finally, the ampoule was cooled to room temperature at
a rate of 25 ◦C/h. Platelet-like single crystals of typical
size of 5 mm × 4 mm with a thickness of 0.5−1 mm were
obtained. The as-grown crystals can easily be cleaved
along the ab-plane. Composition and elemental mapping
along a certain direction was conducted by energy disper-
sive x-ray analysis (EDX). The EDX compositions of the
single crystals corresponding to different starting compo-
sition are listed in Table I.
TABLE I: Nominal chemical composition (CNom), com-
position estimated from EDX (CEDX), c-axis lattice con-
stant (c-const), and label used for the two composition of
Fe1+yTe0.5Se0.5 single crystals used in this study. The c-axis
lattice constants are estimated from the single crystal x-ray
diffraction shown in Fig. 1.
CNom CEDX c-const label
A˚
Fe1.25Te0.5Se0.5 Fe1.09Te0.55Se0.45 6.032(8) S1
Fe1.05Te0.5Se0.5 Fe1.04Te0.52Se0.48 6.109(3) S2
The Laue photographs in Figs. 1(a) and (b) indicate a
good quality of the single crystals. The single-crystal x-
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FIG. 1: (a)and (b) Laue diffraction patterns for S1 and S2, re-
spectively. (c) X-ray diffraction pattern of Fe1.09Te0.55Se0.45
(S1) and Fe1.04Te0.52Se0.48 (S2) single crystals displaying har-
monic peaks corresponding to (00l) reflection (d)Powder XRD
data of the crushed single crystals for samples S1 and S2.
ray diffraction (XRD) data taken using Cu Kα radiation
show, Fig. 1(c), the harmonic peaks corresponding to the
(00l) reflection and are comparable with those published
by Yadav and Paulose.29 In addition, we have conducted
powder XRD on our samples, the results of which are
presented in Fig 1(d). As is obvious from the compar-
ison of Figs. 1(c) and 1(d) the single crystals can be
much better characterized by powder XRD. This, how-
ever, requires crushing the single crystals and can, there-
fore, only be conducted once all other measurements are
completed. As identified in the Fig. 1(d), sample S1
contains tiny peaks corresponding to small amounts of
(≤ 1%, see below) Fe3O4 and Fe7Se8 phases. But these
peaks are not detected in the XRD pattern of sample S2.
(Sample S2 might also contain these secondary phases be-
low the detection limit of our powder XRD). The struc-
ture refinement was performed by Rietveld method us-
ing the FULLPROF code.30 The samples have a tetrag-
onal structure and belong to the P4/nmm space group.
3The lattice constants obtained from the refinement are
a = 3.7982(1), c = 5.9990(4) A˚ for sample S1 and a =
3.7975(2), c = 6.0031(5) A˚ for sample S2. These pa-
rameters are close to those reported by Sales et al.31 for
single crystals of similar composition. Transport and
ac-susceptibility measurements were performed with a
Quantum Design Physical Property Measurement Sys-
tem. Magnetization measurements were carried out by
means of a SQUID magnetometer (Quantum Design).
The measurements were conducted with current and field
applied within the ab-plane.
III. RESULTS AND DISCUSSION
The influence of Fe excess on the electrical transport is
immediately obvious in Fig. 2, where the normalized re-
sistance as a function of temperature for the two samples
is plotted. The room temperature resistivity of samples
S1 and S2 is about 0.9 and 0.6 mΩcm, respectively. Both
the samples show an onset of the superconducting transi-
tions at around Tc ∼ 15 K, marked by the dotted vertical
line in Fig. 2. However, the width of the superconduct-
ing transition increases from 1 K to 6 K as y increases
from 0.04 to 0.09. Further, in the normal state, sample
S2 displays a metallic behavior (dρ/dT > 0), whereas
a ρ ∝ log 1/T divergence was observed for S1 below a
temperature Ta ∼ 130 K. A similar divergence is also re-
ported by Liu et al. for Fe1.11Te0.64Se0.36 below 50 K.
25
They also found a kink in resistivity at 120 K. The au-
thors associated this kink with the magnetic anomaly ob-
served earlier in polycrystalline samples.10 On the other
hand, Janaki et al.27 attributed a similar anomaly ob-
served around 125 K in the magnetization measurement
of their polycrystalline samples to the Verwey transition
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FIG. 2: Normalized in-plane resistance R(T)/R(300) as a
function of temperature for Fe1+yTe1−xSex single crystals on
a semilogarithmic plot. For exact compositions, see Table I.
Note, for sample S1 R(T)/R(300) displays −log T divergence
below Ta ∼ 130 K.This figure is highly similar to Fig. 1b in
Ref. 25.
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FIG. 3: (a) and (b) Zero-field-cooled (ZFC) and field-cooled
(FC) magnetization as a function of temperature measured
in a field of 30 Oe, applied parallel to the ab-plane, showing
an anomaly at Ta ∼ 130 K and Tc ∼ 15 K. (c) and (d) ZFC
dc-susceptibility for T < 20 K. (e) and (f) ZFC and FC dc-
susceptibility measured in a field of 1000 Oe, also displaying
similar anomalies at Ta. An irreversibility observed between
the ZFC and FC susceptibilities is marked by Tirr.
of a Fe3O4 spurious phase within the grain boundaries.
In the present case, however, a −log T divergence in ρ(T )
appears below Ta, where an anomaly in the magnetiza-
tion is observed (see Fig. 3). This suggests that the
electrical transport is extremely sensitive to the disor-
der caused by unwanted secondary phases. We note that
a similar −log T divergence was observed in the case of
cuprates32–34 and 1111 Fe arsenides.35 This is ascribed to
the onset of insulating behavior via disorder driven elec-
tron localization when superconductivity is suppressed
by an external magnetic field.
Now we turn to the results of dc-magnetization and
the ac-susceptibility, performed with the goal of estab-
lishing some evidence for the existence of local moments.
Figures 3 (a) and (b) show the zero-field-cooled (ZFC)
and field-cooled (FC) magnetization for the samples S1
and S2 measured in a magnetic field of 30 Oe and in the
temperature range 2 − 380 K. Although the ZFC magne-
tization is negative below the superconducting transition,
positive values of FC magnetization are consistent with
magnetic impurities. Figures 3 (c) and (d) present the
ZFC dc-susceptibility curve below 20 K. Clearly, the su-
perconducting transition for S2 is sharper in comparison
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FIG. 4: Inverse magnetic susceptibility H/M(T) of sample
S1 for different external magnetic fields and extrapolated val-
ues 1/H → 0, according to the Honda-Owen method. Line
represents the Curie-Weiss fit.
to that of S1. However, the fraction of the volume that is
screened by superconducting currents estimated from the
dimensionless dc-susceptibility is slightly less for sample
S2, see Figures 3 (c) and (d). The full screening value
is 4piχ = −1. The dc-susceptibilities measured in both
FC and ZFC protocols with a field of 1 kOe are shown
in Figs. 3 (e) and (f). Here, an irreversibility is clearly
observed below Tirr of about 280 K for S1, and 260 K
for S2 in the ZFC and FC susceptibility. In addition to
the superconducting transition, we observe an anomaly
around Ta ∼ 130 K in both samples. Comparing with
Fig. 2, it can be noted that in the temperature depen-
dence of the resistance, the poorer sample S1 obeys the
characteristic −log T divergence only below Ta, whereas
the better sample S2 displays a broad maximum around
Ta. There is no significant influence of the amount of Fe
on the value of Ta. The change in the magnetization△M
measured in a field of 1 kOe at Ta for sample S1 is 1.6 ×
10−3µB/f.u. and that for sample S2 is 1.0 × 10
−3µB/f.u.
△M for Fe3O4 at the Verwey transition amounts to 0.25
µB/f.u.
36 If we attribute △M at Ta in our measurements
entirely due to the Verwey transition of the secondary
phase, then the estimated amount of Fe3O4 in sample
S1 is ∼ 0.6 % and that in sample S2 is ∼ 0.4 %. Note
that similar anomalies have earlier been observed in poly-
crystalline Fe(Se1−xTex)0.82 where the value of Ta var-
ied with the amount of doping x.10 Neutron scattering
studies on these samples did not reveal any magnetic
or structural transition at this temperature.12 However,
a pronounced short-range quasielastic magnetic scatter-
ing at an incommensurate wave vector with a correlation
length of 4 A˚ has been observed in a Fe1.08Te0.67Se0.33
sample with optimal composition and highest Tc ∼ 15 K.
The short-range quasielastic magnetic scattering was
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FIG. 5: AC-susceptibility as a function temperature measured
in an ac field of 10 Oe and at a frequency of 1333 Hz for S1
and S2 samples. (a) real part χ′1(T ) of the linear susceptibility
(b) imaginary part χ′′1 (T ) of the linear susceptibility (c)real
part χ′3(T ) of the non-linear susceptibility, and (d) imaginary
part χ′′3 (T ) of the non-linear susceptibility.
observed in both the normal and the superconducting
states at the incommensurate wave vector (0.438, 0, 1
2
).12
Alternatively, neutron diffraction studies on FeSe0.5Te0.5
reported by Horigane et al.37 showed that the width of
the (200) peak changes below 125 K, suggesting a pos-
sible structural transition. In order to unambiguously
decide whether the anomaly at Ta is associated with the
Verwey transition of the Fe3O4 or whether it is an in-
trinsic property of the tetragonal Fe(SeTe), experiments
which probe the sample properties on a more local scale
are required. In an attempt to extract the effective mo-
ments, the dc-susceptibility χ in the FC protocol is fit-
ted to χ = χ0 + C/(T − θ) in the temperature range
180−300K. Here, χ0 is the temperature-independent sus-
ceptibility arising from diamagnetic core, paramagnetic
van Vleck contributions, diamagnetic Landau orbital and
paramagnetic Pauli spin susceptibilities from conduction
electrons.38,39 C stands for the Curie constant and θ is
the Weiss temperature. It is known that in Fe-containing
samples, data analysis is often hampered by the contribu-
tion of a ferromagnetic impurity,38,40 and the inverse sus-
ceptibility in the paramagnetic regime can thus be field
dependent, see Fig. 4. Therefore, we utilized the Honda-
Owen method41 to eliminate the impurity contribution
with the assumption that the magnetization of the ferro-
magnetic impurity saturates below 1 T. In this method,
the magnetic susceptibility M/H is plotted against 1/H
for each temperature. A Curie-Weiss law can be fitted to
the extrapolated values of the magnetic susceptibilities
in the limit 1/H → 0 (Fig. 4). From the fit, we obtain
χ0 = 0.0019 emu/g Oe, an effective moment of µeff=1.49
µB and θ = −50 K for sample S1. A similar approach for
sample S2 provided χ0 = 0.0017 emu/g Oe, µeff=1.49 µB,
but θ = −88 K. A Curie-like behavior in Fe1+yTe1−xSex
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at 50 K for samples S1 and S2. Inset enlarges the low field
data for sample S2 showing a significant hysteresis.
has been reported by other research groups28,38,42 as well
and is attributed to Fe excess with localized moments.
In order to further probe the superconducting state,
we performed linear and non-linear ac-susceptibility mea-
surements. As this method gives more extensive in-
formation in the zero-field limit compared to the dc-
magnetization, and because frequency can be used as
an additional tuning parameter, the method can provide
insight into the nature of the transition not available,
with the afore-mentioned techniques.43 Further, the mea-
surement of higher-harmonic susceptibility is even more
useful because it only probes the non-linear magneti-
zation. The fundamental (linear) and higher-harmonic
(non-linear) ac-susceptibility technique has extensively
been used for characterizing the inhomogeneities in vari-
ous superconductors including the high-Tc cuprates.
44,45
The technique is particularly useful in the case of Fe-
based superconductors, where a phase separation of mag-
netic and superconducting entities is expected.12–14 In
Figs. 5(a)-(d), the real and imaginary parts of both the
fundamental (χ1) and third-harmonic (χ3) are presented
for the samples S1 and S2. When a homogeneous sam-
ple goes through the superconducting transition, the real
part of the linear susceptibility χ′1 always changes mono-
tonically to the full screening value of χ = −1/4pi. On the
other hand, the imaginary part χ′′1 in a homogeneous su-
perconductor either changes monotonically or displays a
peak and goes from its normal state value to substantially
zero in the superconducting state. Also, the magnitude
of the third-harmonics |χ3| = (χ
′2
3 +χ
′′2
3 )
1/2 is taken to
be proportional to χ′′1(T )
46 and forms a peak in the tem-
perature region of the superconducting transition. In our
samples, χ′1(T ) does not show full diamagnetic screening,
Fig. 5(a) , and χ′′1 (T ) displays a shoulder in Fig. 5(b)
rather than a peak below Tc. Instead of a single sharp
peak, χ′3(T ) and χ
′′
3 (T ) have double structures as shown
in Fig. 5(c) and Fig. 5(d), respectively. These are clear
indications of a phase separation in the superconducting
state.47,48 The phase separation into magnetic and super-
conducting phases is further revealed in the field depen-
dence of magnetization (M −H) loops measured at 2 K,
see Fig. 6(a) and (b). It is interesting to note that sample
S1 contains a larger ferromagnetic component than sam-
ple S2, probably due to larger amounts of excess Fe. As
a result, the minimum in the initial magnetization curve
which is related to the lower critical field Hc1, increases
from ∼ 0.175 kOe for S1 (Fig. 6(c)) to ∼ 1.75 kOe for
S2 (Fig. 6(d)). This clearly indicates that the Fe ex-
cess suppresses the superconductivity. Consequently, the
mixed (vortex) state appears at a lower magnetic field in
sample S1 with larger Fe excess. The M − H loops at
50 K in the normal state, Fig. 7, displays a knee at low
fields. The corresponding net moment estimated from
the extrapolation of M from the high fields to H → 0
are 1.38 emu/g (0.046 µB/f.u.) and 1.12 emu/g (0.032
µB/f.u.), for samples S1 and S2, respectively. Further,
a small hysteresis is seen even in S2, with lesser amount
of excess Fe as shown in the inset of Fig. 7. This indi-
cates a ferromagnetic coupling, possibly originating from
Fe-excess. In fact, ferromagnetic behavior was earlier re-
ported in FeSe thin films,49,50 before superconductivity
was discovered in these systems.
IV. CONCLUSIONS
We investigated the influence of Fe excess on the
magnetism and superconductivity in Fe-chalcogenide su-
perconductors. A “metal”-“insulator” transition is ob-
served when the amount of Fe-excess is increased from
y = 0.04 to 0.09. The “insulating” state is charac-
terized by a log 1/T divergence, which suggests a mag-
netic impurity and/or disorder-driven electronic local-
ization by the presence of Fe-excess. This result is in
accord with a scenario suggested by Liu et al.25 Evi-
dence for a phase separation is provided by the non-linear
ac-susceptibility for the compositions studied. Our re-
sults clearly demonstrate that the physical properties of
6tetragonal Fe-chalcogenide are extremely sensitive to dis-
order and impurities. Also, more experimental and the-
oretical studies are necessary to understand the nature
of the couplings between interstitial Fe and the Fe in the
Fe-square lattice.
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